The paper presents results of magnetohydrodynamic ͑MHD͒ supersonic boundary layer control experiments using repetitively pulsed, short-pulse duration, high-voltage discharges in M = 3 flows of nitrogen and air in the presence of a magnetic field of B = 1.5 T. We also have conducted boundary layer flow visualization experiments using laser sheet scattering. Flow visualization results show that as the Reynolds number increases, the boundary layer flow becomes much more chaotic, with the spatial scale of temperature fluctuations decreasing. Combined with density fluctuation spectra measurements using laser differential interferometry ͑LDI͒ diagnostics, this behavior suggests that boundary layer transition occurs at stagnation pressures of P 0 ϳ 200-250 Torr. A crossed discharge ͑pulser+ dc sustainer͒ in M = 3 flows of air and nitrogen produced a stable, diffuse, and uniform plasma, with the time-average dc current up to 1.0 A in nitrogen and up to 0.8 A in air. The electrical conductivity and the Hall parameter in these flows are inferred from the current voltage characteristics of the sustainer discharge. LDI measurements detected the MHD effect on the ionized boundary layer density fluctuations at these conditions. Retarding Lorentz force applied to M = 3 nitrogen, air, and N 2 -He flows produces an increase of the density fluctuation intensity by up to 2 dB ͑about 25%͒, compared to the accelerating force of the same magnitude. The effect is demonstrated for two possible combinations of the magnetic field and current directions producing the same Lorentz force direction ͑both for accelerating and retarding force͒.
I. INTRODUCTION
The use of nonequilibrium ͑low-temperature͒ magnetohydrodynamics ͑MHD͒ for supersonic flow control, supersonic air-breathing propulsion, on-board power generation, and for development of novel hypersonic ground testing facilities continues to attract considerable interest. [1] [2] [3] [4] [5] [6] [7] [8] [9] Control of boundary layer transition seems to be a particularly promising application of the MHD supersonic flow control technology, because a relatively weak actuating Lorentz force may be sufficient to affect the flow field in the ionized boundary layer. Indeed, the MHD interaction parameter ͑i.e., the ratio of the Lorentz force work to the kinetic energy of the flow͒ for the free stream flow is
where is the electric conductivity, B is the magnetic field, L is the length scale, is the flow density, and u ϱ is the free stream flow velocity. From Eq. ͑1͒, it can be seen that for B ϳ 3 T, L ϳ 0.1 m, u ϱ ϳ 1000 m / s, and conductivity of ϳ 0.1 mho/ m ͑currently achieved in nonequilibrium supersonic flow plasmas 9 ͒, the MHD interaction can be significant only at very low densities, ϳ 10 −4 kg/ cm 3 ͑P ϳ 0.1 Torr for near room temperature flows͒. On the other hand, for the boundary layer flow the interaction parameter can be expressed as follows:
In Eq. ͑2͒, u + = u ϱ ͱ c f / 2 is the friction velocity, and c f /2 Ϸ 0.03 Re x −0.2 is the flat plate turbulent boundary layer skin friction coefficient, 11 c f /2ϳ 10 −3 at Re x ϳ 10 7 , so that MHD interaction may become significant at significantly higher densities, ϳ 3 ϫ 10 −3 kg/ cm 3 ͑i.e., at static pressures of a few Torr͒. Qualitatively, the delay or acceleration of the weakly ionized boundary layer transition may be achieved by suppression or enhancement of flow instabilities by MHD forcing. This method of boundary layer control can be used in cold supersonic flows for the purpose of drag and heat transfer leverage, or for the purpose of mixing enhancement.
The above estimates are consistent with successful boundary layer density fluctuation control experiments in both low-speed salt water flows ͑conductivity up to =3 mho/m, B = 0.4 T, L = 0.25 m, u ϱ =1-5 m/s, =1 kg/cm 3 , c f /2ϳ 10 −3 ͒ 12 and in M = 3 boundary layer flows weakly ionized by an rf discharge ͑ ϳ 0.1 mho/ m, u ϱ =500 m/s, B = 1.5 T, L = 0.05 m, P ϳ 10 Torr, c f /2 ϳ 10 −3 ͒. 9, 13, 14 In particular, recent experiments at Ohio State 9, 13, 14 detected an MHD effect on the level of density fluctuations in a supersonic boundary layer weakly ionized by a transverse rf discharge. In these experiments, retarding Lorentz force applied to the flow produced a wellreproduced increase of the density fluctuation intensity by up to 10%-20% ͑1-2 dB͒, compared to the accelerating force applied to the same flow. On the other hand, the effect of Joule heating on the fluctuation spectra was insignificant. The effect was produced for two possible combinations of the magnetic field and current directions producing the same Lorentz force direction ͑both for accelerating and decelerating force͒. Finally, the effect was observed to increase with the rf discharge power, i.e., with the flow conductivity. Our recent work 14, 15 also demonstrated that using supersonic flow ionization by high-voltage, short-pulse duration, high repetition rate pulsed discharge instead of rf discharge greatly improves plasma stability and allows generating significantly higher flow conductivities. However, these experiments have left open the question of whether the supersonic boundary layer under investigation was laminar or turbulent.
The main objectives of the present work are ͑i͒ to determine the state of the boundary layer at these conditions using laser sheet scattering flow visualization and laser differential interferometry ͑LDI͒ diagnostics and ͑ii͒ to detect the MHD effect using repetitively pulsed ionization, which may result in better flow control authority due to producing higher conductivities.
II. EXPERIMENT
The experiments have been conducted at the supersonic nonequilibrium plasma/MHD wind tunnel facility at the Nonequilibrium Thermodynamics Laboratories. 9, [13] [14] [15] Briefly, this facility generates stable and diffuse supersonic nonequilibrium plasmas flows at M =3-4 in a uniform magnetic field up to B = 2 T, with run durations from tens of seconds to complete steady state. The schematic of the supersonic nozzle and a M =3 MHD test section is shown in Fig. 1 . An aerodynamically contoured M = 3 supersonic nozzle made of transparent acrylic plastic is connected to a 2 cmϫ 4 cm rectangular cross-section test section 12 cm long with an angle step diffuser. The nozzle/test section/diffuser assembly is attached to a vacuum system connected to a 1200 ft 3 dump tank pumped out by an Allis-Chalmers 1300 cfm rotary vane vacuum pump. The minimum pressure in the vacuum system sustained by the pump is 35-40 Torr, which necessitates the use of a supersonic diffuser with the nozzle/test section operated at relatively low stagnation and static pressures ͑P 0 =1/3-1 atm, P test =7-20 Torr͒. The nozzle assembly is equipped with pressure taps measuring plenum pressure as well as static pressures at the beginning and at the end of the test section. The nozzle throat dimensions are 20 mm ϫ 9.5 mm, which gives a mass flow rate through the test section of m =15 g/s at P 0 =1/3 atm.
Two rectangular electrode blocks 5 cm long are flush mounted in the side test section walls ͑see Fig. 1͒ . Each electrode block, made of mica ceramic, incorporates a single copper plate electrode 35 mm wide, 45 mm long, and 3 mm thick. The electrode edges are rounded using a Rogowski profile 16 to achieve a more uniform electric field distribution between the electrodes. To accommodate the electrodes, recesses are machined in the ceramic blocks. This creates a 2-mm-thick ceramic layer between each electrode and the flow in the test section. On the opposite sides, the electrodes are covered with 2-mm-thick acrylic plates. The gaps between the copper electrodes, the ceramic blocks, and the cover acrylic plates are filled with a self-hardening dielectric compound to preclude electrode surface exposure to air and prevent corona formation near the high-voltage electrode surface. Figure 2 shows a photograph of the M = 3 test section. Ionization in the test section is produced using a Chemical Physics Technologies custom designed high-voltage ͑up to 25-30 kV peak͒, short-pulse duration ͑ϳ10-20 ns͒, high repetition rate ͑up to 50 kHz͒ pulsed plasma generator. The plasma generator produces high-voltage pulses by compressing 500 V peak, 1 s long input pulses using several stages of magnetic compression circuits. The use of the insulated gate bipolar transistor switch allows reaching high pulse repetition rates. During the pulser operation, current and voltage in the pulsed discharge are measured using a Tektronix P6015A high-voltage probe and a low-capacitance resistive current probe. Transverse dc electrical current ͑sustainer current͒ in the supersonic flow ionized by the repetitively pulsed discharge is sustained by applying a dc field ͑up to 500 V / cm͒ to two 50 mmϫ 20 mm dc electrode blocks flush mounted in the top and bottom nozzle walls 4 cm apart, perpendicular both to the flow velocity and to the magnetic field direction, as shown in Fig. 1 . The applied dc field, which is far too low to produce additional ionization in the flow, except in the cathode layer, is needed to sustain transverse ͑MHD͒ current. The dc electrode blocks are made of boron nitride ceramic, with continuous copper electrodes 45 mm long each. The transverse dc field is applied using a DEL 2 kV/ 3 A power supply operated in a voltage stabilized mode, with a 0.5-2.0 k⍀ ballast. Two inductors 1 mH each were placed in the dc circuit in series with both dc electrodes to attenuate high-amplitude current pulses propagation into the dc circuit. Current in the dc sustainer circuit is measured using a Tektronix AM503S current probe.
The concept of a pulser-sustainer discharge where ionization is generated by a series of high-voltage, short duration breakdown pulses and the current in the decaying plasma between the pulses is sustained by a relatively low dc voltage was first suggested and demonstrated by Hill in 1973. 17 A similar approach, a crossed pulser-sustainer discharge in a fast subsonic gas flow in a rectangular crosssection channel, has been used for development of a highpower CO 2 laser. 18 Finally, recently this approach has been used for studies of MHD effects in supersonic lowtemperature flows. 19, 20 In the present paper, some plasma characterization measurements have been done in a M = 4 MHD test section with the same dimensions and the same electrodes as in the M = 3 test section. The M = 4 contoured nozzle throat dimensions are 20 mmϫ 3.2 mm, which gives the mass flow rate of m =15 g/s at P 0 = 1 atm.
The entire nozzle/test section/diffuser assembly was placed between the poles of a GMW water cooled electromagnet, as shown in Figs. 1 and 2 , and attached to a 4 foot long,6 in. diameter PVC vacuum pipe connected to the vacuum system. To improve the pulsed discharge load impedance matching, the high-voltage pulse magnetic compression unit was also mounted inside the magnet, above the test section ͑see Fig. 2͒ , and short high-voltage electrode cables ͑5 cm long͒ have been used. The magnet can generate a steady-state magnetic field up to B = 3.5 T between two circular poles up to 25 cm in diameter. In the present experiments, for the distance between the 15 cm diameter poles of 6 cm, the magnetic field at maximum current through the magnet coils of 140 A is B = 1.8 T. For relatively short run durations ͑of the order of tens of seconds͒, the magnetic field can be significantly increased by temporarily increasing the magnet current ͑up to ϳ200 A͒ and chilling the cooling water. To preclude external magnetic field penetration into the pulse compression unit, it was placed inside a custom-made six-layer shell magnetic shield made of a high magnetic permeability material with a total wall thickness of 1 / 2Љ. Multiple layers are necessary because of the magnetic flux saturation in the outermost shield layers in the strong external magnetic field. At the B = 1.5 T field between the magnet poles, the field inside the magnetic shield was about 20-30 mT. Mounting the pulse compression inside the magnetic shield also required the use of longer electrode cables ͑15 cm long͒, which adversely affected impedance matching.
Optical access to the flow in the test section is provided using two 1Љ ϫ 1/2Љ glass windows in the top and bottom walls of the test section ͑see Fig. 1͒ . The MHD effect on a supersonic ionized boundary layer was studied using a laser differential interferometry ͑LDI͒ diagnostics described in greater detail in Ref. 21 . Briefly, a plane polarized He-Ne laser beam ͑coherent He-Ne laser, model no. 31-2025͒ is split into two circular polarized beams using a Wollaston prism ͑see Fig. 3͒ and sent through two different regions in Typically, good signal to noise is achieved for the acquisition/processing times of 1-2 s. As in our previous work, 9, [13] [14] [15] in the present MHD boundary layer control experiments, most LDI measurements are performed for both accelerating and decelerating Lorentz force directions. In both of these cases, Lorentz force can be generated by two possible combinations of the transverse B field and the transverse dc electric field directions. Control runs in a cold supersonic flow without plasmas and in an ionized flow without dc electric field applied, i.e., when the time-averaged Lorentz force is zero, have also been conducted. The purpose of this approach was to isolate the MHD effect, which should depend on the Lorentz force direction, from the polarity-independent effect of Joule heat. To evaluate run-to-run variation of the LDI spectra, several runs ͑two to three͒ have been conducted for each set of conditions.
To visualize the boundary layer flow in the supersonic test section, a separate series of experiments has been conducted in air flows without plasmas, with the test section mounted outside the magnet. In these experiments, the air flow upstream of the nozzle plenum was seeded with acetone vapor, which condensed into small droplets in the cold M = 3 supersonic core flow in the test section but remained in the vapor state in relatively warm boundary layer flows. A pulsed Nd:YAG laser operated at 10 Hz repetition rate was used to generate a 1.5 cm wide laser sheet with the aid of two cylindrical lenses, which was then brought into the test section through the two optical access windows, as shown in Fig. 4 . The laser sheet distance from the test section wall could be varied by moving a flat mirror ͑see Fig. 4͒ . The laser light scattered on acetone droplets formed in the flow was captured through the transparent acrylic test section wall, in the direction perpendicular to both the laser sheet and the flow, as shown in Fig. 4 . A Princeton Instruments PI-Max ICCD camera synchronized with the laser pulses has been used for this purpose. shown are for stagnation pressures ranging from P 0 = 150 Torr to 450 Torr. At these conditions, the flow Reynolds number ranges from Re x = 2.7ϫ 10 5 to 8.1ϫ 10 5 ͑x = 20 cm is the combined length of the supersonic nozzle and the test section, starting from the throat͒. To minimize the amount of laser light scattered off the windows coming into the camera, the top and bottom of the test section ͑5 mm distance from the top and the bottom walls͒ are masked. Therefore, the images visualize the flow region between x = 19 and x = 21 cm from the nozzle throat and h = 5 mm and h = 35 mm from the bottom wall. From Fig. 5 , it can be seen that there is a significant warm region near the center plane of the flow with little or no scattering signal, which therefore appears dark. Regions above and below the center plane are illuminated, which indicates the presence of significant amounts of acetone droplets there and therefore lower temperature. The presence of the warm region near the test section center plane is consistent with the boundary layer bulge detected by our previous Pitot probe measurements, 9,14 also predicted by the three-dimensional ͑3D͒ compressible Navier-Stokes flow code. 22 One can also see that as the stagnation pressure and the flow Reynolds number increase, the scattering signal distribution, which essentially maps the temperature field across the laser sheet, becomes increasingly chaotic, with the spatial scale of temperature variation regions ͑spots͒ gradually decreasing ͑see Fig. 5͒ . At high stagnation pressures, the center plane boundary layer bulge nearly disintegrates. Similar results are observed for a laser sheet positioned 4 mm from the wall ͑see Fig. 6͒ .
III. RESULTS AND DISCUSSION
Scattering images obtained with the laser sheet positioned farther away from the wall ͑6 mm and 8 mm͒, shown in Figs. 7 and 8, respectively, demonstrate the presence of a few warm spots near the center plane of the flow ͑at 6 mm͒ or none at all ͑at 8 mm͒. This is again in good agreement with our previous Pitot probe and schlieren measurements, 9,13,14 which both indicate the boundary layer thickness of approximately 6 mm, with maximum thickness near the center plane. Summarizing, the flow visualization results shown in Figs. 5-8 are consistent with the Pitot probe and schlieren data and lead us to conclude that as the flow Reynolds number increases, the boundary layer flow becomes less regular and more chaotic, with the density fluctuation spatial scale decreasing. This suggests characterizing the boundary layer in the stagnation pressure range of P 0 = 150 Torr to 450 Torr as transitional from laminar at the lower stagnation pressures to turbulent at the higher stagnation pressures.
LDI spectra in M = 3 air flows without plasmas have been measured in the same stagnation pressure range, P 0 = 150-500 Torr. Figures 9 and 10 plot the spectra measured with the probe laser beam located 2 mm and 4 mm from the test section wall, i.e., at the conditions of Fig. 5 and Fig. 6 , respectively. Note that due to the finite He-Ne laser beam diameters, the LDI signal is actually collected from regions 2 ± 1 mm and 4 ± 1 mm from the wall, respectively. It can be seen that although the flow scattering images change quite significantly as the stagnation pressure is increased ͑see Figs. 5 and 6͒, the overall shape of the LDI spectra, with an extended plateau and a steep roll-off at high frequencies, does not exhibit such dramatic changes ͑see Figs. 9 and 10͒. Therefore, compared to laser scattering flow visualization, detection of turbulent transition based on the interpretation of LDI spectra alone is somewhat problematic. However, the behavior of the LDI signal intensity at 10 kHz ͑i.e., in the plateau region of the spectra͒, plotted versus stagnation pressure in Figs 106102
P 0 = 1 atm. In both cases, the pulse repetition rate is v = 40 kHz. Visual observation of the pulsed/dc discharges showed that in both cases the plasma is stable and uniform, without the "hot spots" appearing in the test section corners, which occurred in transverse rf discharge in supersonic flows. 9, 13 Figures 14 and 15 show single pulse voltage oscillograms in M = 4 nitrogen flows at P 0 = 1 atm, P test = 10 Torr, and in M = 3 nitrogen flows at P 0 = 250 Torr, P test = 7 Torr, respectively, at different values of the magnetic field. From  Fig. 14 , it can be seen that using longer electrode cables ͑15 cm long instead of 5 cm long͒ noticeably reduced the output pulse amplitude, from nearly 20 kV to about 15 kV. In addition, applying a 1.5 T magnetic field resulted in distortion of the pulse due to partial field penetration through the magnetic shield, and in further amplitude reduction to about 11 kV. In M = 3 flows, the pulse amplitude remained nearly the same, approximately 15 kV, for the fields up to B = 1.25 T ͑see Fig. 15͒ . At B = 1.5 T, the peak voltage was reduced to about 12 kV, with pulse duration ͓full width at half-maximum ͑FWHM͔͒ approximately 30 ns, again due to magnetic field penetration through the shield. Figure 16 shows oscillograms of voltage and current between the dc sustainer ͑MHD͒ electrodes in a pulse-ionized M = 3 nitrogen flow at P 0 = 250 Torr, P test = 7.5 Torr, B = 1.5 T, dc power supply voltage of U PS = 2 kV, and ballast resistor of R =1 k⍀. Since the dc power supply operates in the voltage stabilized mode, the voltage between the dc electrodes is U = U PS − IR, where I is the sustainer current. In this figure, the current pulse produced during the high-voltage pulses is not resolved. It can be seen that the peak MHD current reaches about I = 1.25 A after each pulse, with the subsequent fall-off in a decaying plasma between the pulses, to a minimum value of about I = 0.5 A. Note that the plasma 
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does not fully decay between the pulses. The time-averaged current and voltage at these conditions are ͗U͘ = 1.27 kV and ͗I͘ = 0.73 A. The time-averaged dc power coupled to the nitrogen flow at these conditions is quite substantial, about 1 kW, which in the case of instant thermalization would result in the estimated flow temperature rise of about ⌬T = 60 K, from the baseline core flow temperature at M = 2.9 of T = 110 K. However, at the reduced electric field in the sustainer discharge of E / N =3ϫ 10 −16 V cm 2 ͑based on the initial core flow temperature͒, more than 90% of the sustainer discharge input power goes to vibrational excitation of nitrogen, 23 whose vibrational relaxation rate is extremely slow. 24 The slow vibrational relaxation rate locks up the energy stored in nitrogen vibrations and makes the supersonic flow essentially frozen. At similar discharge conditions in dry air, in spite of a high-energy fraction input into vibrational excitation of nitrogen, 23 vibrational relaxation of N 2 is much more rapid, primarily on O atoms produced in the plasma, 24 which would result in a more significant Joule heating of the flow. Figure 17 shows sustainer ͑MHD͒ currents in M = 3 dry air flows at P 0 = 250 Torr, P test = 7.5 Torr, dc power supply voltage of U PS = 1.6 kV, and ballast resistor of R =1 k⍀. The current oscillograms are shown at different values of the magnetic field. It can be seen that the current decay rate in dry air is similar to that of nitrogen ͑compare Figs. 16 and 17͒. One can also see that the current decreases as the magnetic field is increased. This occurs due to the Hall effect, which in the case of continuous MHD electrodes generates the axial and reduces the transverse current component. 25 For the high values of the MHD loading parameter, K = E y / uB z ϳ 40, at the present conditions, the transverse and axial current components are given as follows:
In Eqs. ͑3͒, is the scalar electric conductivity, A =10 cm 2 is the total surface area of the dc electrodes, and ␤ = eB z / m e v en is the Hall parameter, i.e., the ratio of the electron cyclotron frequency, eB z / m e , to the electron-neutral collision frequency, v en . Transverse electric field in Eqs. ͑3͒ can be estimated as E y Х͑U − U c ͒ / h, where U = U PS − IR, U c is the cathode voltage fall, and h = 4 cm is the test section height. From Eqs. ͑3͒, one can also obtain the following expression for the current voltage characteristic of the MHD sustainer discharge:
where E eff = E y / ͱ 1+␤ 2 is the effective electric field. Since the flow conductivity, generated by the repetitively pulsed discharge, is independent of the dc sustainer voltage, Eq. ͑4͒ shows that the conductivity and the Hall parameter can be determined by measuring current voltage characteristics of the non-self-sustained dc discharge at different values of the magnetic field. Figures 18 and 19 show current voltage characteristics of the MHD sustainer discharge in M = 3 flows of nitrogen and dry air at P 0 = 250 Torr and P test = 7.5 Torr. It can be seen that at low voltages, the sustainer current remains very low and nearly independent of the applied voltage, while at high voltages the current exhibits linear voltage dependence, as expected for the constant conductivity plasma. Basically, if the applied voltage is low, the voltage across the cathode layer of the discharge is insufficient to accelerate ions toward the cathode, release enough secondary electrons from the cathode surface, and sustain a significant current, even at the conditions when the conductivity in the positive column of the discharge is high. The cathode voltage falls for different B fields were determined from the x-axis intercept of the linear slope of the current voltage characteristics, as shown in Figs. 18 and 19 . At the absence of magnetic field, the cathode falls in nitrogen and in air are U c = 260± 50 V and U c = 350± 50 V, which is close to the normal self-sustained glow discharge cathode fall, 208 V in nitrogen and 370 V in air ͑both for copper cathode͒. 23 This result is not surprising since at the present conditions external ionization by highvoltage pulses is generated outside of the cathode layer, i.e., a few mm away from both dc sustainer electrodes. Indeed, as can be seen from the schematic in Fig. 1 , the pulsed discharge electrodes do not extend all the way to the top and bottom test section walls ͑the pulsed electrode height is 35 mm while the test section height at the electrode location is 41 mm͒. Because of this, external ionization is not likely to affect the well-known cathode layer self-sustaining criterion,
which is still satisfied due to Townsend ionization. In Eq. ͑5͒, ␣ is the Townsend ionization coefficient, d is the cathode layer thickness, and ␥ is the secondary emission coefficient from the cathode. Therefore, the cathode voltage fall values measured at the present conditions should be close to the results in self-sustained glow discharges. The present measurements show that both in nitrogen and air, the cathode fall increases with the magnetic field, up to U c = 500± 50 V and U c = 520± 50 V at B = 1.5 T in nitrogen and air, respectively ͑see Figs. 18 and 19͒. This result is consistent with the electrical breakdown theory in crossed electric and magnetic fields, 26 which predicts breakdown voltage to increase with the magnetic field because of the Hall effect,
In Eq. ͑6͒, N is the number density, d is the breakdown gap, ␤ is the Hall parameter, and A and C are constants in the expression for the Townsend ionization coefficient in the crossed E and B fields,
, applied to the cathode layer of the discharge ͑in which case d is the cathode layer thickness͒, shows that the cathode voltage fall, U c , should increase with the Hall parameter ␤, i.e., with the magnetic field. Note that Eq. ͑6͒, which can be easily obtained from Eqs. ͑5͒ and ͑7͒, is in good agreement with experimental measurements of breakdown voltages in crossed fields in nitrogen. 27 The electrical conductivity of the flow was found from the linear slope of the current voltage characteristics at B =0 ͑i.e., at ␤ =0͒ using Eq. ͑4͒, = 0.073 mho/ m in nitrogen and = 0.072 mho/ m in air. Finally, assuming that the conductivity is independent of the magnetic field, the Hall parameter was determined from the current-voltage characteristics of Figs. 18 and 19 and Eq. ͑4͒. From Eq. ͑4͒, it can be seen that sustaining the same current at different magnetic fields requires the effective reduced electric field, ͑E / N͒ eff Х U − U c / h ͱ 1+␤ 2 , to be the same. Using this procedure, the Hall parameter was calculated for ͑E / N͒ eff = ͑0.6-1.2͒ ϫ 10 −16 V cm 2 ͑this corresponds to U − U c Ϸ 200-400 V at B = 0 and U − U c Ϸ 400-800 V at B = 1.5 T͒. In this range of ͑E / N͒ eff values, the electron-neutral collision frequency in nitrogen or air, predicted by solving the Boltzmann equation for electrons, varies by about 20%. This gives ␤ = 1.2± 0.12 at B = 0.75 T and ␤ = 1.8± 0.35 at B = 1.5 T in nitrogen, and ␤ = 2.5± 0.4 at B = 1.5 T in air. The less than linear increase of the Hall parameter with the magnetic field in nitrogen suggests that the flow conductivity may not remain constant as the magnetic field is increased. The present conductivity and Hall parameter measurements are more accurate than our previous results, 9, 14, 28 since in our previous work systematic measurements of the current voltage characteristics and of the cathode voltage fall were not conducted. In addition, in our previous experiments 9,28 the transverse rf discharge geometry was rather complicated, which made discharge characterization difficult.
Recently, Faraday current in a crossed pulser-sustainer discharge in a M = 3 supersonic air flow at P = 10 Torr has been measured in the presence of a B = 5 T magnetic field. 19 In these measurements, the peak dc sustainer current did not exceed 1.1 mA, which is about three orders of magnitude lower that the present results shown in Figs. 16-19 . Such a dramatic difference is most likely due to rather low dc voltages used in Ref. 19 , up to U = 300 V, which is below the cathode voltage fall measured in the present experiments, U c = 520± 50 V at B = 1.5 T. At these low voltages, the sustainer current measured in the present work was also very low ͑see Figs. 18 and 19͒ . Again, from Figs. 18 and 19 it can be seen that the cathode voltage fall increases with the magnetic field, which would require applying increasingly higher dc voltages to draw significant sustainer currents at higher magnetic fields. Also, the surface area of the sustainer electrodes used in Ref. 19 was significantly smaller than in the present work. Figure 20 shows the LDI spectra in M = 3 flows of nitrogen at the plenum pressure of P 0 = 250 Torr, magnetic field B = 1.5 T, sustainer voltage U PS = 2 kV, and the LDI probe beam placed 6 mm from the wall, i.e., near the outer edge of the boundary layer ͑see Figs. 5-8͒. The two groups of spectra shown are for the ballast resistor of R =1 k⍀ ͑time-averaged MHD current of ͗I͘ = 0.65 A͒ and R = 0.5 k⍀ ͑͗I͘ = 0.94 A͒, both for accelerating and retarding Lorentz force directions. It can be seen that at the lower MHD current, there is almost no effect of the Lorentz force polarity on the density fluctuations, while at the higher MHD current, the retarding force results in higher density fluctuation intensity in the frequency range of 2 -40 kHz, up to 2 dB ͑about 25%͒. For both accelerating and retarding force, the results of two successive runs are shown to demonstrate the run-torun reproducibility of the observed effect, which appears to increase with the MHD current. Figure 21 shows the LDI spectra in M = 3 dry air flows at the same conditions as the high-current regime of Fig. 20, i.e., at R = 0.5 k⍀, ͗I͘ = 0.78 A. In this case, the four spectra shown correspond to four possible combinations of the MHD current and the magnetic field vectors, j and B, two of which correspond to the accelerating Lorentz force and the other two to the retarding Lorentz force, F = j Ã B. This has been done by switching the dc power supply polarity and/or the magnet power supply polarity. One can see that both retarding force combinations produce significantly higher density fluctuation intensities in the frequency range of 2 -40 kHz compared to both accelerating force combinations, again up to 2 dB.
Figures 20 and 21 also show LDI spectra measured with the pulsed power supply operating but with the dc sustainer voltage turned off, i.e., when there was no MHD force applied to the flow. It can be seen that at these conditions the density fluctuation spectra are very close to the spectra measured with the accelerating MHD force applied. It was also found that the LDI spectra measured in both nitrogen and air flows without plasmas ͑i.e., with both power supplies turned off͒ are nearly identical to the spectra with only the pulser operating. These results show that in both cases the effect on the density fluctuations is detected only when the retarding MHD force is applied to the flow, as well as provide strong evidence that the observed effect is indeed due to Lorentz force, not Joule heating of the flow.
Qualitatively, the observed density fluctuation increase by the retarding Lorentz force appears to be consistent with the results of turbulence measurements in a M = 3 turbulent boundary layer in the presence of an adverse pressure gradient, 29 which showed that at these conditions the turbulence intensity, uЈ 2 , vЈ 2 , and turbulent shear stress, uЈvЈ, are all significantly amplified. However, the authors of Ref. 29 suggest that these results should be interpreted with caution. Indeed, turbulence measurements in a M = 3 turbulent boundary layer in a rapid expansion flow ͑i.e., in the presence of an accelerating pressure gradient͒ 30 showed that although the turbulence intensity, uЈ 2 , at these conditions is significantly reduced, the mass flux fluctuations, ЈuЈ, remain unchanged, which suggests that density fluctuations, Ј, are also unlikely to change. Interestingly enough, in the present work we also have not found any detectable effect of accelerating Lorentz force on the density fluctuations.
In the present measurements, the highest time-averaged MHD sustainer currents, exceeding 1 A, were detected in M = 3 flows of N 2 -He mixtures. Figure 22 shows the density fluctuations spectra in M = 3 flows of an 80% N 2 -20% He mixture, at P 0 = 250 Torr, magnetic field B = 1.5 T, sustainer voltage U PS = 2 kV, and R = 0.5 k⍀. At these conditions, the time-averaged MHD current was ͗I͘ = 1.02 A for the accelerating Lorentz force and ͗I͘ = 1.14-1.17 A for the retarding force. The LDI spectra shown in Fig. 22 have been measured at two different distances from the test section wall, 6 mm and 4 mm. Again, in both of these cases, the results are con- sistent with measurements in nitrogen and air, i.e., the density fluctuation intensity is noticeably higher ͑by up to 2 dB͒ for the retarding Lorentz force. This final series of measurements demonstrate that the MHD effect on the density fluctuations is detected at multiple locations across the boundary layer.
IV. SUMMARY AND FUTURE WORK
This paper presents results of supersonic boundary layer flow visualization experiments using laser sheet scattering, as well as MHD boundary layer control experiments using repetitively pulsed, short-pulse duration, high-voltage discharge in M = 3 flows of nitrogen and air in the presence of magnetic field of B = 1.5 T. Laser sheet scattering experiments using flow seeding with acetone vapor showed that side wall boundary layers in the supersonic test section are considerably thicker near the center plane of the flow. Boundary layer thickness determined from the flow visualization is consistent with previous Pitot probe and schlieren measurements. The flow visualization results also show that as the stagnation pressure increases from P 0 = 150 Torr to 450 Torr, for Reynolds number ranging from Re x = 2.7ϫ 10 5 to 8.1ϫ 10 5 , the boundary layer flow becomes much more chaotic, with the spatial scale of temperature fluctuations decreasing. Combined with the results of density fluctuation spectra measurements using the laser differential interferometry ͑LDI͒ diagnostics, this behavior suggests that boundary layer turbulent transition occurs at stagnation pressures of P 0 ϳ 200-250 Torr.
Operation of a crossed discharge ͑pulser+ dc sustainer͒ in M = 3 flows of air and nitrogen at the pulse repetition rate of 40 kHz demonstrated that such discharge produces a stable, diffuse, and uniform plasma. The peak voltage in the repetitively pulsed discharge used for supersonic flow ionization in the present experiments is about 12 kV, with a voltage pulse duration ͑FWHM͒ of approximately 30 ns. Both in nitrogen and in dry air, the plasma does not fully decay between the ionizing high-voltage pulses. The time-average dc current achieved in such discharges is up to 1.0 A in nitrogen ͑conductivity of = 0.073 mho/ m͒ and up to 0.8 A in air ͑ = 0.072 mho/ m͒. The electrical conductivity and the Hall parameter in nitrogen and air flows are inferred from the current voltage characteristics of the sustainer discharge. These results demonstrate the feasibility of the use of the repetitively pulsed discharge as an efficient and stable ionization source sustaining electrical conductivity in supersonic nonequilibrium MHD flows.
LDI measurements detected an MHD effect on the ionized boundary layer density fluctuations at these conditions. In particular, retarding Lorentz force applied to M = 3 nitrogen, air, and N 2 -He flows produces an increase of the density fluctuation intensity by up to 2 dB ͑about 25%͒, compared to the accelerating force of the same magnitude applied to the same flow. The effect is demonstrated for two possible combinations of the magnetic field and transverse current directions producing the same Lorentz force direction ͑both for accelerating and retarding force͒. Comparison with the LDI spectra measured with no MHD force applied showed that the effect on the density fluctuations is produced only by the retarding Lorentz force, while the Joule heat effect appears insignificant.
In future work, the main thrust will be to improve the flow quality in the MHD test section. This will include design and manufacturing of two new M = 3 and M = 4 test sections with the contoured nozzle walls, as well as angle step diffuser walls being the side walls of the test section ͑instead of top and bottom walls in the present design͒. In this new design, small divergence angle will also be introduced between the side walls to provide boundary layer relief. These changes are expected to considerably reduce the secondary cross flow producing bulges in the side wall boundary layers. Finally, since seeding the flow with acetone vapor is not feasible in the presence of plasmas in the test section, a long-term objective is also to develop in situ boundary layer flow visualization diagnostics, which can be used to characterize the state of the boundary layer during the MHD forcing. A promising possibility in this respect is seeding the flow with nitric oxide and using laser sheet NO LIF on the 226 nm NO͑X 2 ⌸, v =0→ A 2 ⌺, v =0͒ ␥-band transition to map the flow temperature field.
